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Model-Informed Approaches and Innovative 
Clinical Trial Design for Adeno-Associated 
Viral Vector-Based Gene Therapy Product 
Development: A White Paper
Amitava Mitra1,*, Mariam A. Ahmed2 , Rajesh Krishna3 , Kefeng Sun2, Francis D. Gibbons4,  
Olivia Campagne2, Noha Rayad5, Youssef M. Roman6, Salwa Albusaysi7, Maria Burian8  and  
Islam R. Younis9

The promise of viral vector-based gene therapy (GT) as a transformative paradigm for treating severely debilitating 
and life-threatening diseases is slowly coming to fruition with the recent approval of several drug products. However, 
they have a unique mechanism of action often necessitating a tortuous clinical development plan. Expertise in such 
complex therapeutic modality is still fairly limited in this emerging class of adeno-associated virus (AAV) vector-
based gene therapies. Because of the irreversible mode of action and incomplete understanding of genotype–
phenotype relationship and disease progression in rare diseases careful considerations should be given to GT 
product’s benefit–risk profile. In particular, special attention needs to be paid to safe dose selection, reliable dose 
exposure response (including clinically relevant endpoints), or creative approaches in study design targeting small 
patient populations during clinical development. We believe that quantitative tools encompassed within model-
informed drug development (MIDD) framework fits quite well in the development of such novel therapies, as they 
enable us to benefit from the totality of data approach in order to support dose selection as well as optimize clinical 
trial designs, end point selection, and patient enrichment. In this thought leadership paper, we provide our collective 
experiences, identify challenges, and suggest areas of improvement in applications of modeling and innovative trial 
design in development of AAV-based GT products and reflect on the challenges and opportunities for incorporating 
MIDD tools and more in rational development of these products.

Gene therapy (GT) is a therapeutic strategy that entails modifi-
cation of defective genes in order to treat diseases.1,2 GT works by 
either replacing a gene that is missing or dysfunctional or by turn-
ing off problem-causing genes. This therapeutic approach holds 
enormous promise for treating patients with genetic diseases, 
which is evident from the several product approvals in recent 
years. Of the GT platforms, the adeno-associated virus (AAV) 
vector-based platform is by far the most mature. Briefly, this plat-
form works by introducing a transgene of interest into the host cell 
nucleus using a replication deficient AAV vector.3 Currently, there 
are seven approved AAV-based GT products, as listed in Table 1.

As the prevalence of GT products in the development pipeline 
increases, there is a need to develop or to adapt clinical develop-
ment, clinical pharmacology, drug metabolism, and pharmaco-
kinetics (DMPK), and modeling and simulation tools to be able 
to adequately characterize and predict the performance of GT 

products in humans. Large, randomized, controlled clinical trials 
and full clinical pharmacology packages are often not available 
or feasible for GT products due to the recruiting challenges of 
patients with rare diseases,4 poor understanding of pathophys-
iology and disease progression, and limited knowledge of clini-
cally relevant end points to name a few. To this end, the US Food 
and Drug Administration (FDA)5 and the European Medicines 
Agency (EMA)6 have issued a series of draft and final guidance 
documents to guide clinical development. Additionally, several 
publications have provided in-depth review of clinical pharmacol-
ogy7 and DMPK8 considerations in development of GT products.

There are two main facets to model-informed drug development 
(MIDD): (i) setting up dose and design considerations before 
initiating a clinical trial, and (ii) analyzing information streams 
and data once the clinical trials are completed to identify import-
ant covariates, developing dose response, and other relationships. 
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Within the MIDD toolkit, there are several tools available to the 
data scientist, the type of analytic tool depending on the stage of 
development and appropriateness of the information.

Rational dose selection and dose optimization during GT clin-
ical development is a field of intense research. Given the practical 
challenges of translating preclinical data to first-in-human (FIH) 
dose selection, and ethical challenges in developing GT products, 
which are more often developed for treatment of pediatric rare 
disease, MIDD tools are essential for appropriate dose selection 
and justification of these products. One of the first publications 
in this field by Tang et al.,9 explored the utility of allometry in GT. 
Subsequently, a cross company perspective paper10 emphasized the 
need for an integrated experimental and modeling approach early 
in development to identify dose response relationships across spe-
cies, including the target patient population. To achieve this, it is 
critical to design thoughtful preclinical and clinical experiments 
to understand disposition of the vector and transgene, transduc-
tion efficiency, duration of expression, pharmacological effect, and 
safety signals. Recent publications from the FDA summarized the 
use of MIDD approaches in GT11 and rare diseases,12 in terms of 
optimizing dose regimen, supporting pediatric extrapolation, in-
forming clinical trial design, and providing confirmatory evidence 
for effectiveness. These concepts and lessons learned can also be 
applied in GT product development.

In this whitepaper, we provide a comprehensive overview on the 
applications of several MIDD approaches in dose selection and 
innovative clinical trial strategies to develop AAV-based GT prod-
ucts. We attempt to suggest potential use of various tools for the 
benefit of future developers of AAV-based GTs.

MODEL-INFORMED APPROACHES FOR DOSE SELECTION 
AND OPTIMIZATION
Unlike other modalities, for which a range of doses are typically 
selected for clinical study, the complexities around AAV-based 
GT require more precision around dose selection. Often, the dose 
range is restricted by the safety and tolerability of the vectors in 
which the gene editing components are delivered. Moreover, 

because administration of AAV vectors may result in robust 
generation of anti-capsid antibodies, efforts to date have been 
constrained by only “one shot on goal” for such a therapeutic. 
Given the one-time therapeutic intervention with GT, it is even 
more critical for patient safety and product effectiveness that a 
totality of data approach is taken for dose selection and optimiza-
tion, by integrating preclinical and clinical information through 
MIDD approaches.13 Additional, FDA guidance on GT for rare 
diseases recommends that in serious or life-threatening diseases, 
study treatment should ideally start with a potentially therapeutic 
dose.14 In this section, we summarize the use of several modeling 
approaches in dose selection and optimization of GT products.

Empirical and allometric scaling for efficacy
Traditional dose scaling approaches for FIH dose selection of GTs 
have been used.7

This remains a continually evolving area, as it is uncertain which 
parameter of GT disposition would truly scale with body size. 
Summarized below are the current thinking on GT dose scaling 
based on body weight (BW) and organ volume, focusing on both 
efficacy and safety. Tang et al.9 pioneered the allometric scaling 
concept with GT with a new parameter Gene Efficiency Factor 
(GEF) across species for calculating human dose for AAV-based 
factor IX (FIX) GT for hemophilia B. The GEF was defined as 
the ratio of the FIX protein synthesis rate (Ksyn, mol/day) divided 
by the GT dose (vector genomes, vg/individual), and Ksyn could be 
calculated as a product of the target concentration of the transgene 
protein and the latter’s systemic clearance (CL; Eq. 3).

(1)DoseHuman = DoseAnimal × Scaling Factor × Activity Factor

(2)
Scaling Factor=

(

Body or organ metric
)

Human

∕
(

Body or organ metric
)

Animal

(3)GEF =
CLProtein × CProtein

vgDose

Table 1  Approved AAV Vector-Based Gene Therapy Products

Gene therapy product Generic name Class Sponsor Date of approval Indication

Glybera (withdrawn 
from market)

Alipogene tiparvovec AAV gene therapy UniQure 
Biopharma

2012 Familial lipoprotein 
lipase deficiency (LPLD)

Luxturna Voretigene 
neparvovec-rzyl

AAV gene therapy Spark 
Therapeutics

2017 Retinal dystrophy

Zolgenesma Onasemnogene 
abeparvovec

AAV gene therapy Novartis 2019 Spinal muscular atrophy

Hemgenix Etranacogene 
dezaparvovec

AAV gene therapy CSL Behring 2022 Hemophilia B

Roctavian Valoctocogene 
roxaparvovec

AAV gene therapy Biomarin 2022 Hemophilia A

Upstaza Eladocagene 
exuparvovec

AAV gene therapy PTC 
Therapeutics

2022 L-amino acid 
decarboxylase (AADC) 

deficiency

Elevidys Delandistrogene 
moxeparvovec

AAV gene therapy Sarepta 
Therapeutics

2023 Duchenne muscular 
dystrophy

AAV, adeno-associated virus.
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A roughly linear allometric relationship between log(GEF) 
and log(BW) was identified for three AAV-based gene therapies 
with FIX transgene with FIX level data from nonclinical species 
and humans. Based on this allometric scaling relationship, GEF 
roughly decreases with increased BW. The higher GEF observed in 
organisms with smaller body size may be attributed to their higher 
metabolic rates and, thus, energy consumption needed for DNA 
and protein synthesis.9 The GEF vs. BW relationship can, there-
fore, be used to project human dose of AAV GT, provided that the 
transgene protein is secreted and measurable, and that data from at 
least two nonclinical species are available.

In follow-up to the GEF method, Aksenov et al.10 re-analyzed 
data in Tang et al., to demonstrate that different power laws for each 
FIX construct can be obtained, using a power regression model 
(FIX concentration = a ´ Doseb) to describe dose–FIX concen-
tration relationships for AAV-FIX vectors. However, a nonlinear 
dose–response relationship was found to exist in most nonclini-
cal species and patients with hemophilia B for plasma FIX, and 
this allometric scaling may not accurately predict human dose for 
AAV GT. Zou15,16 then compared the accuracy of FIH dose pro-
jection among current methods for gene therapies for hemophilia 
A and B, and found that the ranking was allometric scaling > dose–
response normalization > direct vg/kg conversion for majority of 
the AAV vectors analyzed. For allometric scaling, the total amount 
of transgene product in blood circulation across species could be 
normalized to a species-invariant scale using an exponent of −0.25 
for body weight (BW−0.25). The GEF approach could then be re-
fined as regression across species between log(GEF) and BW−0.25. 
This method offered a more accurate human dose projection for 
the nine AAV vectors included in the dataset (in the absence of 
T-cell responses) and was an improvement over the original GEF 
method.

Empirical and allometric scaling based on safety
Safety-based dose projection for GT provides a ceiling for the vec-
tor dose to be administered during escalation and pivotal phases of 
clinical trials. In contrast to the multiple methods being proposed 
for efficacy-related dose scaling, the generally used safety-based 
dose scaling can be summarized as Eqs. 4 and 2:

The total maximal tolerated dose (MTD) in animals (in total 
number of vg) from nonclinical safety and toxicity studies is ad-
justed by a morphologically based scaling factor to derive the upper 
limit of total dose (also in vg) in humans. The scaling factor in Eq. 2 
is dependent upon the route of administration of the GT modality. 
For intravenous administration, the scaling factor is typically BW; 
therefore, the MTD in animals, when expressed in vg/kg, becomes 
the putative MTD (also in vg/kg) in humans, as seen in the cases of 
onasemnogene abeparvovec,17 valoctocogene roxaparvovec,18 and 
etranacogene dezaparvovec.19 For direct injection into an organ/
tissue with a clear physiological boundary, such as direct delivery 
into certain regions of the brain, the scaling factor is the human-
to-animal ratio of the weight or volume of the tissue where the GT 
modality is delivered. Known examples include AMT-130 (direct 

infusion into the putamen and caudate nucleus)20 and eladocagene 
exuparvovec (direct infusion into the putamen),21 both of which 
used the human-to-nonhuman primate volumetric ratio on their 
respective target brain region(s) as the scaling factor to calculate 
the MTD.

In summary, as the most widely used method for GT dose pro-
jection, empirical and allometric scaling should be made based on 
both efficacy and safety observations of the modality. The method 
of scaling is dependent on the route of administration and the 
organ of tropism for the GT, as well as the measurability of the 
transgene product. Further refinement of the dose scaling approach 
should be explored, including inclusion of scaling factors identified 
in in vitro–in vivo correlation exercises.22

Translational models
Given the emerging state of both viral vector- and nonviral vector-
based GTs, the translational science function in any enterprise 
should involve model-interconnectedness spanning discovery 
biology, vector engineering, therapeutic delivery, clinical sciences, 
data sciences, and clinical pharmacology functions. This allows 
for seamless integration of data, but also a data-driven approach to 
deliver functionality identification and optimization. Before delv-
ing into these models, we clarify certain terminologies specific to 
AAV GT7,8: (i) “pharmacokinetics (PKs)” of AAV is the in vivo 
disposition of both the capsid and vector genome, (ii) “biodistribu-
tion (BD)”, is the in vivo distribution, persistence, and CL of AAV 
from the site of administration to tissues including bodily fluids, 
(iii) “shedding” is the excretion of the vector through excreta and 
secreted fluids, and (iv) “exposure” is the level of transgene mRNA 
and protein.

Exposure-related end points. Although the GEF9,15 can be a 
useful approach to scaling across species at a gross level, it is more 
instructive to break down the efficiency of various aspects of 
transduction for comparison across serotypes and species. Figure 
1 illustrates these aspects of recombinant AAV-mediated GTs, 
with a focus on efficiency of delivery (i.e., what fraction of injected 
dose is detectable in the liver; Figure 1a) and transcription (i.e., 
how many transgene mRNAs are produced for each vector 
genome delivered; Figure 1b).

First, for vector delivery efficiency (Figure 1a), there can be 
significant variability within species for the same combination 
of serotype and transgene product—some of this is due to inter-
individual variability (at the same dose), and some is due to the 
well-known nonlinearity of dose-exposure.7 Among various AAV 
serotypes, they may have different tissue preferences, or “tropisms,” 
for example, AAV5 and AAV6 do not deliver the vector to the 
liver as efficiently as other serotypes. Last, it is notable that median 
trends of vector delivery efficiency to the liver do not seem to differ 
significantly across species (i.e., mostly within threefold after ad-
justment by dose), although data are still rather limited.

Second, for transcription efficiency (Figure 1b), similar 
to vector DNA delivery efficiency, the somewhat sparser data 
showed significant variability exists between individuals dosed 
with the same modality. However, the most striking feature is 
that larger species (e.g., non-human primates and humans) show 

(4)DoseHuman = DoseAnimal ×
(

Scaling factor
)
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greatly reduced transcription efficiency compared with rodent 
species. This can be attributed to systematic differences in cel-
lular metabolism, perhaps driven by rate-limiting energy deliv-
ery to cells in larger species.23,24 Where data are available, the 
drop-off in transcription efficiency appears to be approximately 
at least 20- to 30-fold. Whereas the stark differences in tran-
scription efficiency in the liver have been demonstrated in mul-
tiple cases (Figure 1), regardless of the promoters used, much 
less is known on the similarity or potential difference in tran-
scriptional regulation for GT modalities targeting the nervous 
system, muscles, and sensory organs. Limited data suggest that 
the drastic interspecies difference in transcription efficiency of 
exogenous vector DNA in the liver may not be present in the  
peripheral nervous system25 or in skeletal muscles.26 Furthermore, 
limited data also indicate that the overall rates of translation 
(from mRNA to intracellular polypeptide) and secretion (from 
intracellular transgene protein to extracellular) may be similar 
across species,27 and that levels of host chaperones may contrib-
ute to individual variability in rates of secretion, and thus indi-
vidual levels of the transgene protein.28

Pharmacodynamics-related end points. The widespread use of 
animal disease models in GT research offers crucial preclinical 
assessment of a candidate’s potential in disease modification. 
Nevertheless, it is important to note that knockout/knock-in 
models differ from patients in terms of physiology, lifespan, 
target gene sequence, and disease onset and severity; no animal 
model fully represents a human disease in its entirety. Therefore, 
particular attention should be paid to non-similarities between 
animal models and patients when applying forward translation 
strategies. A mechanistic PK/pharmacodynamic (PD) or 
quantitative systems pharmacology (QSP) model may be able to 
incorporate the animal-human differences in physiology genetic 
background, biomarker levels, and disease progression.7

Taken together, the forward translation approach for GT 
should be informed by important mechanistic data that con-
nects vector disposition and safety and efficacy. In particular, 
key determinants of transduction, transgene product PKs and 
PDs should be identified as early as possible in a GT project’s 
lifecycle.

Mechanistic models
Mechanistic models, such as QSP and physiologically-based PK 
(PBPK) models, integrate PK, physiology, and biological pathways 
and have been developed for small molecules, therapeutic pro-
teins, and RNAs.29,30 The same principle in development, verifi-
cation/validation, and application of mechanistic models readily 
applies to GT modalities. As of 2023, the scope of such model for 
GTs generally covers the kinetics of one or more of the following 
aspects31: (i) biodistribution of the vector; (ii) transcription, and 
translation of the transgene product; (iii) kinetics of the transgene 
product; and (iv) PDs and pharmacology of the transgene product.

Modeling vector biodistribution. Various QSP/PBPK models 
describe the kinetics of the viral vector from immediately after 
dosing to the eventual formation of exogenous DNA inside the 
host cell nucleus.32,33 These models are typically multiscale (i.e., 
being capable of characterizing vector concentrations both at 
a systemic or organ-level and in (sub)cellular compartments). 
Platform-like biodistribution models are generally derived from 
rich time course data of vector concentrations gathered from 
rodent experiments and then combined with well-known organ 
physiology models.34,35 Re-calibration of key parameters, such as 
rates of target tissue uptake, degradation, and uncoating of the 
vector, is necessary when adapting such platforms for vectors of 
different serotypes and for different species. In addition, potential 
models of immune response to the vector36,37 can be incorporated 
for more rational exploration of loss of transduction.

Figure 1  Delivery efficiency (a) and transcription efficiency (b) for AAV-mediated gene therapies. Shapes and colors indicate data for 
individuals from several species (○ = mouse, Δ = NHP (cynomolgus and rhesus monkeys), ▪ = human), all data are for days ≥ 28 post-
administration. Horizontal bars indicate group medians. AAV, adeno-associated virus; NHP, nonhuman primate.
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Modeling transcription, translation, and secretion of the transgene 
protein. Well-defined minimal quantitative systems biology 
models for the formation, transport, and degradation of mRNA 
and protein38 can be adapted to QSP models for GT and linked to 
the vector DNA kinetic model. Calibration of the formation rates 
is generally necessary, as these vary intrinsically among transgene 
sequences. Further calibration with cross-species mRNA and 
transgene product concentration data is often required due to 
species difference in metabolism (see Translational Approaches 
section).

Modeling PKs and PDs of the transgene product. A disease-specific 
PK/PD model for the transgene product, if available, may be 
connected to the QSP model for GT vector biodistribution, 
transcription, and translation, to result in an integrated QSP 
model that begins with the vector dose and ends with the projected 
pharmacological effects, including clinical assessment endpoints 
(Figure 2). The prerequisite for such a model, other than those 
already listed, also includes the availability of quantitative assays 
for both the transgene product and its PD biomarker(s)/response 
measurement. It is necessary to consider the potential species 
differences in the PKs of the transgene protein, as well as in disease 
biomarker levels.

QSP models of GT can directly inform designs of nonclinical 
and clinical studies. Early platform-like models can be used for 
lead optimization and for selection of timepoints and end points 
of nonclinical experiments, whereas a mature QSP model that 

incorporates disease modeling could inform selection of clinical 
doses, planning schedule of assessments, and proof-of-concept 
evaluations. The QSP model for GT can also be particularly use-
ful to benchmark the GT against other modalities’ PK and PD 
data in the same disease area, such as small molecule modulators 
and enzyme/factor replacement therapies. Challenges in develop-
ment and usage of these QSP models include time and resources 
required for building a de novo platform model, as well as sparse-
ness of vector biodistribution data in higher species required for 
calibration. However, progress has been made in PBPK modeling 
of biodistribution as demonstrated by Sun et al.32 Thus, existing 
platform models should be used in early stages of a project; other 
techniques, such as meta-analysis of historical biodistribution data, 
may be used to enhance the data richness in higher species.

Dose/exposure-response models
It is important to characterize the relationship between dose and 
eventual transgene expression as well as that between dose and 
clinical efficacy to achieve optimal efficacy of drugs including GT 
medications. Dose–response analysis can be utilized to optimize 
dosing of GT products.

Onasemnogene abeparvovec39 is an AAV vector-based GT in-
dicated for the treatment of pediatric patients less than 2 years of 
age with spinal muscular atrophy. Dose–response relationship pro-
vided supportive evidence of efficacy. Two open-label, single-arm 
clinical trials were used to support approval. One trial enrolled 15 
participants, 3 in a low-dose group and 12 in a high-dose group. 

Figure 2  A quantitative systems pharmacology (QSP) framework for gene therapy modalities.
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One participant in the low-dose group had to receive permanent 
ventilation (an indication of therapy failure) and all 12 patients 
in the high-dose group were alive without permanent ventilation 
after 24 months of drug administration, which reflects the success 
of therapy.

Dose–response analysis has also been used to characterize the ef-
fect of GT in preclinical studies.40 The authors conducted detailed 
analysis of transduction levels throughout the brain, brainstem, 
and spinal cord of nonhuman primates and demonstrated that 
intrathecal cerebrospinal fluid delivery of the GT combined with 
tilting (Trendelenburg position) leads to widespread transduction 
in the brain and spinal cord of nonhuman primates. Additionally, 
30 times lower intrathecal doses compared with i.v. injections led 
to transduction of up to 55–80% motor neurons in all regions of 
the spinal cord in nonhuman primates. Such studies along with 
dose–response analysis offers critical insights in vector distribu-
tion depending on route of administration and its correlation with 
transgene expression.

The use of dose response analysis in preclinical species to pre-
dict FIH dose and human dose–response relationship has also 
been proposed.15 Dose–response for AAV-based hemophilia GT 
product across three preclinical species were normalized to a spe-
cies invariant scale and subsequently used for FIH dose prediction. 
However, this approach was demonstrated to be less accurate in 
FIH dose prediction as compared with allometry using an expo-
nent of 0.25 for GEF.

ADDITIONAL ASPECTS OF CLINICAL TRIAL DESIGN 
INFLUENCED BY MIDD
GT has no doubt come of age with several approved products in 
the past few years. However, challenges with GT clinical trials  
remain,41 including but not limited to selecting appropriate  
patient population, small patient numbers (rare diseases), ade-
quate understanding of the natural history (NH) of the disease to 
appropriately design a study, assessing treatment benefit in a rea-
sonable time duration, and clear understanding of the pathophysi-
ology and disease progression to quantify effectiveness and safety. 
To alleviate some of these challenges, several novel approaches 
have been adopted by GT trial sponsors. In this section, some of 
these strategies are reviewed based on the current GT clinical tri-
als. Some key characteristics of the clinical trials for the approved 
AAV vector-based gene therapies in the United States and the 
European Union are summarized in Table 2.

Synthetic and external controls
Although external control arms (ECAs) have not been applied for 
AAV trials, they do represent an opportunity to streamline clinical 
development. The concept of ECA has received recent widespread 
recognition in pediatric and adult rare disease clinical trials.42 An 
ECA involves the use of patient controls that are not a part of the 
same clinical trial, affording the value of borrowing information 
in cases where trials are constrained by small patient populations. 
Regulatory health authorities have in-principle supported the use 
of such ECAs in clinical trial and program approval decisions, 
including a very recent guidance from the FDA.43 However, there 
are a plethora of control groups that have been variably used in 

statistics, including but not limited to synthetic controls, NH con-
trols, historical controls, and external comparators. All of these 
variations are subsets of ECAs. Synthetic controls are derived 
from the outputs of MIDD, namely modeling and simulation that 
encompasses both pooling as well as aggregate analyses, such as 
meta-analyses and are the focus of this section.

A pertinent example lies in the use of synthetic control derived 
model-based meta-analysis to support the accelerated approval of 
blinatumomab in adult patients with relapsed/refractory acute 
lymphoblastic leukemia based on a single-arm trial with < 200 pa-
tients.44 Modeling and simulation were used to evaluate the effect 
of blinatumomab compared with available therapies for proportion 
of complete remission, duration of complete remission, and overall 
survival using meta-analysis models and clinical trial simulations.

Such use of synthetic controls can be readily applied in several 
GT development programs. Diseases such as hemophilia lend 
themselves to synthetic controls very well because of pressing lo-
gistical and ethical considerations that preclude the use of random-
ized clinical trials in this disease population. The lack of a common 
comparator control among published trials makes such compari-
sons challenging to better delineate safety and efficacy of GT as 
compared with the standard of care. Real-world evidence (RWE) 
offers significant benefits to developed synthetic controls. The 
availability of registry studies in hemophilia, such as the World 
Federation of Hemophilia GT registry can facilitate the develop-
ment of such controls.45 Garrison et al.46 further recommends that 
GT trials should wherever possible collect longitudinal data prior 
to and after therapy treatment and such lead-in self-controlled tri-
als can yield a data source that may be more acceptable to regulators 
vs. the use of physician and patient collected retrospective data.

It is imperative that a collaboration between the statistical scien-
tists and pharmacometricians exists to ensure that the best method-
ology of external controls, in particular the “dynamic borrowing” is 
applied when trials with small sample sizes are planned.

Application of natural history data in GT trials
The NH of a disease is defined as the course a disease takes from its 
onset until either the disease’s resolution or the individual’s death, 
in the absence of intervention to the disease.47,48 An NH study is a 
preplanned observational or retrospective study intended to track 
the course of the disease. The purpose of such a study is to follow 
a group of people over time who either have or are at risk of devel-
oping a specific disease, with the goal to identify variables (e.g., 
genetics and demographics) that might correlate with the disease’s 
development, and progression. Two FDA guidances clearly men-
tion the need for the control and treatment populations to be 
well matched in terms of demographics, disease state, etc., for the 
NH data to form the basis of control for approval of the product, 
among other requirements.14,48

In the development of GT products for rare diseases, NH data 
can serve as a comparator arm to assess clinical outcomes (safety 
and efficacy) of interventional therapy, when it may be impractical 
and/or unethical to randomize patients to placebo. Additionally, 
NH data can provide important insights into—(i) a priori iden-
tification of patient population which can expedite recruitment 
into the interventional trial, (ii) establishment of relevant clinical 
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end points, surrogate end points, and biomarkers, (iii) identifying 
patient reported outcomes and quality of life measures, and (iv) 
development of RWE to support any postmarketing requirement.

The expanding role of NH studies in drug development have 
been demonstrated in several rare diseases, such as spinal muscular 
atrophy,49 RPE65-associated inherited retinal dystrophy,50 Leber 
hereditary optic neuropathy,51 RPGR associated retinopathy,52 
Rho-associated retinitis pigmentosa,53 Duchenne muscular dys-
trophy (DMD),54 and infantile neuronal ceroid lipofuscinosis type 
2.55 These NH data will provide clinicians, drug developers, and 
patients with more knowledge about the condition and inform the 
design and interpretation of interventional trials.

In addition to supporting clinical development, NH data are 
increasingly being used in regulatory reviews for GT product ap-
proval. In the case of Zolgensma (onasemnogene abeparvovec), ef-
ficacy was evaluated in open label single-arm clinical trials.56,57 The 
evidence of clinical benefit, which formed the basis of approval of 
onasemnogene abeparvovec, came from NH data as referred to 
in the product label—“Comparison of the results of the ongoing 
clinical trial to available natural history data of patients with infan-
tile onset SMA provides primary evidence of the effectiveness of 
ZOLGENSMA.”17

In the case of Luxturna (Voretigene neparvovec), the FDA en-
couraged Spark Therapeutics to conduct an NH study in patients 
with biallelic RPE65 mutation-associated retinal dystrophy be-
cause NH data could be useful in interpreting safety and efficacy 
data generated from the interventional trial.41 An NH study was 
conducted in parallel to the phase III trial. The NH study involved 
a retrospective chart review of patients who had a genetically con-
firmed diagnosis of autosomal-recessive mutations in the RPE65 
gene and at least two office visits prior to retinal surgery or enroll-
ment in an interventional study. A database of individuals who met 
the inclusion criteria, was developed from which curves describing 
the loss of individuals’ visual field and visual acuity over time were 
constructed.50 In addition to having utility in assessing clinical out-
come, these NH data might also provide insights into the optimal 
timing of treatment.

Statistical and/or other quantitative modeling of NH data has 
become of particular relevance in GT clinical development, as 
these model-based approaches can increase much needed confi-
dence in these data, as compared with retrospective patient chart 
reviews. The information gathered from modeling of NH data can 
be used to justify end point selection, change of disease trajectory 
over time to guide interventional strategy, correlation with patient 
functional assessment, and identification of patient population. 
Such analysis will have significant impact on a GT program not 
only during clinical development but postapproval to convince 
payers to reimburse these expensive one-time therapies.

End point selection and trial duration
When designing clinical trials with GT, end point selection and 
clinical trial duration are key considerations not only to enable 
benefit risk assessment by regulators but to ensure adequate ev-
idence to inform health technology assessment (HTA) bodies 
decision making. The use of biomarker or intermediate surrogate 
clinical outcome is ethically preferable, especially when clinical 

events are rare/delayed in slowly progressive diseases or when there 
is a high unmet need. It is also practically preferable because the 
relatively short-term assessment helps to avoid noncompliance 
and missing data, increasing efficiency and reliability of the study. 
However, this paradigm raises uncertainties especially regarding 
the clinical meaningfulness and the durability of the assessed re-
sponse as well as the sufficiency of the safety database. Carvalho 
et al.58 analyzed and compared the major objections reported in 
the marketing authorization application assessment for approved 
advanced therapy medicinal products (ATMPs; n = 3) and non-
approved ATMPs (n = 4). The most frequent objections for GT 
medicinal products in terms of clinical efficacy were lack of or 
insufficient demonstration of efficacy, the change or use of novel 
and non-validated primary end points, and efficacy claims based 
on non-prespecified post hoc analysis. Regarding safety, the most 
common objections were the limited safety database and the risks 
associated with immunogenicity.

For the seven approved AAV-based GTs in the United States 
and/or the European Union, Table 2 summarizes information rel-
evant to the primary efficacy end point, such as the timing of the 
assessment for the primary analysis, whether it is a surrogate end 
point, intermediate vs. long-term clinical outcome, and whether 
confirmatory clinical efficacy studies were required postapproval. 
Aside from onasemnogene abeparvovec,56,57 where survival was 
assessed as a co-primary end point, all other approvals were based 
on surrogate biomarker or intermediate clinical outcome. For 
Roctavian (valoctocogene roxaparvovec),59 the sponsor relied on 
Factor VIII (FIIV) activity as a surrogate biomarker. Based on 
the limited efficacy data and the likelihood of submitting a more 
comprehensive data postapproval, the European Commission 
granted a conditional marketing authorization. The postmarketing 
long-term efficacy studies are currently undertaken to evaluate the 
long-term effect of a single dose administration of valoctocogene 
roxaparvovec on bleeding profile, quality of life, and durability 
of FVIII activity (projected up to 15 years).60 On the other hand, 
early interaction with regulators has shifted the sponsor intention 
from using Factor IX activity as the primary end point to assess the 
efficacy of Hemgenix (etranacogene dezaparvovec)61 to the more 
acceptable Annualized Bleeding Rate as an intermediate clinical 
outcome for hemophilia, thus enabling full approval. For voreti-
gene neparvovec-rzyl,62 the sponsor relied on a novel intermediate 
clinical outcome to ensure high power of the small trials.

For pharmacometricians, the small sample size and the limited 
duration of the follow-up pose certain challenges and specific con-
siderations when analyzing and interpreting the data. Design op-
timization utilizing statistical theory of optimal designs can guide 
sample collections to maximize the amount of information in the 
experiment for the given objectives and resource constraints. To 
our knowledge, this technique has not been utilized in GT yet,63 
although the concept from other modalities is readily applicable to 
GTs. For example, as mentioned in the section of QSP modeling, 
a mature QSP model that integrates the PK/PD data from earlier 
clinical trials can be used to optimize the schedule of assessments 
for later phase clinical trials. For earlier phase trials, optimal sam-
pling that relies on nonclinical data can be achieved using statistical 
techniques that incorporate parameter or model uncertainty.64
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It is critical to understand the correlation between the surrogate/
short-term clinical outcome and intermediate or long-term clinical 
outcome from early phase clinical trials to help design later phase 
clinical trials. Given the small sample size, pharmacometricians 
may analyze the data according to the extreme value theorem, such 
as block maxima analysis and peak over threshold analysis.65 In ad-
dition, model-based meta-analysis can be applied to incorporate all 
the available longitudinal data available from early phase clinical 
trials or for other modalities to understand the relationship be-
tween a biomarker or short-term clinical outcome and intermedi-
ate or long-term clinical outcome.66 Moreover, NH and real-world 
data (RWD) can be incorporated within a Bayesian-based clinical 
trial simulation to predict long-term clinical outcomes based on 
earlier time data.67

Disease progression and extrapolation of durability of response 
models can inform discussions with HTA bodies on the cost-
effectiveness of GTs based on the predictions of the durability of 
response. For example, Shah et al.68 used both Bayesian and fre-
quentist linear mixed models to predict the FIX activity level up 
to 25.5 years post-etranacogene dezaparvovec infusion at both 
the individual and population level. FIX activity levels < 2% were 
assumed to correlate with a severe bleeding phenotype needing 
regular prophylactic treatment with FIX replacement products. 
Using a Bayesian linear mixed model, it was predicted that > 80% 
of future patients receiving etranacogene dezaparvovec would be 
free from prophylactic FIX replacement products for more than 
25 years post-infusion. Although the model is informed only by 2 
to 3 years’ data from phase II and III clinical trials, the authors as-
sert that there is no evidence of waning FIX level in patients with 
hemophilia B receiving GT based on an 8-year published cohort 
with another GT in patients with hemophilia B.69 Cook et al.70 
used RWD from patients with hemophilia A receiving prophylac-
tic FVIII and the publicly available clinical trial data for valocto-
cogene roxaparvovec (up to 3 years) to assess the cost-effectiveness 
of GT. This was achieved by modeling the long-term disease pro-
gression and the durability of the response by incorporating an 
initial treatment effect (max FVIII) and treatment waning over 
time, which are used more widely to determine gene treatment 
durability. When considering modeling the durability of response, 
given the uncertainties around the long-term GT use, pharmaco-
metricians should consider evaluation of scenarios that consider 
different duration of effects based on varying assumptions on the 
time horizon. For example, for hemophilia GT products, a time 
horizon of 10 years of efficacy, ±2, 3, or 4 years has been suggested 
given the availability of long-term clinical trials with up to 8 years 
of follow-up.71 Modeling efforts should be expanded to capture 
different clinical outcomes as well as the available PK data in a vali-
dated fashion to pressure-test the validity of the assumptions of the 
durability of the response.

Accumulation of knowledge has enabled some understanding 
of the exposure-safety relationship for viral-based GT. For exam-
ple, it has been shown that for intravenously administered AAVs, 
there are clear positive relationships between the AAV capsid dose 
and both the incidence and severity of treatment-emergent adverse 
events. In addition, very high levels of transgene product could re-
sult in excess pharmacological activity.7 Predictive or mechanistic 

safety evaluations can be combined with Bayesian statistical ap-
proaches to analyze data from the confirmatory studies.72 Of note, 
safety data generated prior to marketing authorization is limited 
and it is a typical regulatory requirement to require long-term 
follow-up safety data (e.g., up to 15 years). To comply with the re-
quirements for long-term follow-up, product registries are typically 
utilized, thus creating an opportunity for collecting RWD that can 
be utilized to inform future modeling of long-term safety and du-
rability of response.

Enrichment in GT clinical trials
Clinical trials addressing rare genetic diseases among special 
populations are compounded by the heterogeneity of the disease 
phenotypes, and in several cases, absences of genotype–phenotype 
correlations. Population enrichment strategies in drug develop-
ment programs can increase the probability of detecting a treat-
ment effect.73,74 Enrichment is the prospective use of any patient 
characteristic to select a study population in which detection of a 
drug effect (if one is in fact present) is more likely than it would 
be in an unselected population.75 Generally, enrichment designs 
offer a great potential for increasing the power of studies to detect 
a real effect of a treatment and the likelihood of conventional drug 
development success. A systematic analysis of pediatric drug devel-
opment programs submitted to the FDA between 2012 and 2016 
highlighted an association between the number of enrichment 
strategies used and the success rate of drug development clinical 
trials among pediatrics.74 Among 112 efficacy studies submitted 
to the FDA, prognostic strategies were the most frequently used 
strategy (41.5%). Additionally, a large majority of studies (76.8%) 
used at least one enrichment strategy. Of those, 66.3% used mul-
tiple enrichment strategies. In trials that used multiple enrich-
ment strategies, the success rate was 87.5% when three strategies 
were used together compared with 81.4% for the use of any single 
enrichment strategy. Of note, the lowest success rate was 65.4% 
when no enrichment strategy was used. Although enrichment 
strategies could provide a great promise for drug development ap-
proval, they also introduce some limitations to generate RWE. In 
addition, the variability in measuring a biomarker to dichotomize 
the response to therapy could disadvantage the marker-negative 
population. Occasionally, using a specific biomarker, especially in 
predictive enrichment, does not accurately characterize the popu-
lations to responders or nonresponders. To this extent, the inclu-
sion of some marker-negative patients is encouraged in most trials 
unless strong pathophysiological or mechanistic rationale exists. 
Therefore, sponsors are strongly encouraged to engage with reg-
ulatory agencies for guidance early in the development program.

Strategies to use population enrichment may include practical, 
prognostic, and predictive enrichments.73 Table 2 summarizes the 
enrichment strategies for recently approved AAV-based GT prod-
ucts. Practical enrichment strategies aim to decrease intrapatient 
and interpatient variability by selecting patients who are more 
likely to respond to the treatment given their diagnosis and ad-
herence to the study protocol. Prognostic enrichment designs aim 
to increase the proportion of patients likely to have a particularly 
disease-associated event or significant worsening in the disease. 
To this extent, prognostic enrichment strategies aim to identify 
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patients with historical characteristics and the event of interest 
to show a risk reduction. This strategy is commonly used when 
the treatment is intended to delay the progression of a particular 
disease, such as in patients with multiple sclerosis with prespeci-
fied magnetic resonance imaging or patients with prostate cancer 
with high prostate-specific antigen. Predictive enrichment is an 
approach that aims to enroll participants with biomarkers that 
may indicate an increased chance of treatment response. This 
strategy is intended to increase the early efficiency and feasibility 
of clinical studies and enhance the benefit–risk relationship for 
patients in the enriched subset compared with the overall popu-
lation. Examples of predictive enrichment strategies include opti-
mal level of response to trastuzumab among patients with breast 
cancer expressing human epidermal growth factors receptor 2 or 
the response to ivacaftor in patients with cystic fibrosis with select 
mutations in the CFTR gene.

Implementing enrichment strategies echoes the growing inter-
est in personalized or precision medicine. The ability to tailor the 
treatment to those who will respond while balancing the ethical 
obligations when marker-negative population will not respond 
therapy is of paramount importance in rare diseases. For example, 
a predictive enrichment strategy based on genomic measures can 
have a significant impact on the probability of treatment success 
among rare diseases linked to gene variants. This enrichment strat-
egy was used during the development of voretigene neparvovec-
rzyl. The safety and efficacy of voretigene neparvovec-rzyl was 
established in a clinical development program with a total of 41 
patients between the ages of 4 and 44 years. All participants had 
confirmed biallelic RPE65 mutations, which are associated with 
retinal dystrophy.76,77

A prognostic enrichment has been demonstrated in valoctoco-
gene roxaparvovec clinical trial. The phase III trial was a single-
arm, open label study which enrolled 134 adult men with severe 
hemophilia A who were on standard prophylactic replacement 
therapy. All participants had severe hemophilia A at baseline, de-
fined as less than or equal to 1 IU/dL of FVIII activity. Results of 
the study revealed that valoctocogene roxaparvovec was effective 
at increasing the level of FVIII activity and that this increase was 
sustained for a minimum of 2 years.18

Applications of MIDD approaches in the life cycle of drug de-
velopment can optimize the inclusion and exclusion criteria and 
treatment enrichment.78 For example, MIDD approaches, such as 
disease progression models, have been utilized to support the use 
of genetic mutations for patient enrichment among men diagnosed 
with DMD to account for phenotypic variability and time to loss-
of-ambulation onset.47,79 Modeling changes in DMD biomarkers 
across muscle phenotypes can be used to detect and monitor the 
therapeutic effects of different treatment modalities on disease and 
provide prognostic information on functional outcomes.80 In addi-
tion, disease model progression driven by machine learning (ML) 
could optimally characterize distinct disease states and the prob-
abilities of progressing through these states which may improve 
trial design and participant selection. For example, modeling the 
disease progression through the integration of biomarkers for dis-
ease severity or clinical outcome measures, could be used to iden-
tify a likely responder population and thus assist with selection of 

patients more likely to respond to the treatment. In addition, cer-
tain interventions aimed to improve or slow down disease progres-
sion may be more likely to demonstrate their effects at a later stage 
of the disease. Therefore, selection of patients with more rapid 
disease progression may increase the probability of showing an ef-
fect. Collectively, enrichment strategies informed by MIDD can 
provide novel trial designs with smaller sample sizes for studies that 
present challenges with patient recruitment due to low prevalence 
and heterogeneity of the genetic diseases, leveraging the findings 
across different drug development programs in the same disease 
population. MIDD approaches can provide substantial or confir-
matory evidence to support study population enrichment by le-
veraging the findings across different drug development programs 
in the same disease population. However, MIDD approaches for 
enrichment in GT trials still warrant further research, because in 
theory, GT should be able to correct all types of mutations in the 
gene of interest. Hence, genetic mutations associated with more se-
vere phenotypes may not be a predictive factor.

POST APPROVAL AND REAL-WORLD EVIDENCE
For all AAV-based gene therapies, lack of viable re-administration 
strategy and established treatment paradigms in genetic diseases 
as well as single dose nature raise concerns regarding long-term du-
rability of response as well as safety. Thus, regulatory authorities 
require long-term postmarketing studies.

In the development of GT products, RWD and RWE can be 
sources of information for retrospective or prospective NH studies 
and provide evidence of patient benefit postapproval. However, it 
is important to clarify the definitions of RWD and RWE and avoid 
using them interchangeably. The FDA in its Framework for FDA’s 
Real-World Evidence Program81 defined RWD as “data relating to 
patient health status and/or the delivery of health care routinely 
collected from a variety of sources” and RWE as “clinical evidence 
about the usage and potential benefits or risks of a medical product 
derived from analysis of RWD.” Similarly, the EMA defines RWD 
as “routinely collected data relating to a patient’s health status or 
the delivery of health care from a variety of sources other than tra-
ditional clinical trials” and RWE as “information derived from an 
analysis of RWD.”82

Randomized controlled trials (RCTs) are still considered the 
“gold standard” for clinical development primarily because they are 
less prone to bias and provide a rigorous investigation of the cause-
and-effect relationship between treatment and outcome. However, 
in the era of advanced therapies, such as AAV-based GT, and in-
creasing focus on rare diseases, conducting RCTs may not always 
be feasible or ethical. In these instances, single-arm interventional 
trials with supportive RWE-based external control data, such as 
from NH studies, provide a viable path for drug development and 
approval.

RWE can provide critical insights into the long-term safety and 
maintaining effectiveness of the therapy in a real-world setting.83 
Particularly in the case of GT for rare diseases, which are typically 
conditionally approved with less clinical data than would be nor-
mally required due to a variety of reasons, including limited pa-
tient pool and severity of the disease, RWD can bolster efficacy and 
safety information postapproval.
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In the case of voretigene neparvovec-rzyl, a postapproval long-
term follow-up study has been ongoing to generate evidence of 
safety and effectiveness of the treatment.84 Data presented at the 
2022 ARVO annual meeting85 demonstrated that effectiveness 
of voretigene neparvovec-rzyl was consistent with previous clin-
ical trial findings in terms of improvement of visual function up 
to 2 years post-treatment. This ongoing study also identified a new 
adverse drug reaction (chorioretinal atrophy) which has not been 
associated with loss of visual function. Similarly, for onasemnogene 
abeparvovec a post-treatment follow-up study for up to 17 months 
demonstrated that all patients showed improved motor function 
and there was no case of mortality or requirement for permanent 
ventilatory support.86

In a first by any health agency, the German health agency, has 
mandated the sponsor to collect RWE for onasemnogene abep-
arvovec to demonstrate long term clinical benefit.87 Taking a step 
further, the agency has specified that the sponsor should carry out 
a registry study directly comparing onasemnogene abeparvovec 
with Spinraza (Biogen’s SMA treatment product). The expec-
tation is that this RWE would provide further evidence of long-
term clinical benefit and might support reimbursement for the 
patients needing the treatment. It should not come as a surprise 
if this type of post launch RWE generation becomes an expecta-
tion from health agencies and payers, because GT clinical trials are 
typically smaller in size and of shorter duration, as compared with 
RCTs. Therefore, whereas the initial data pool may be sufficient 
for conditional regulatory approval, it lacks sufficient long-term 
safety and efficacy data needed for full regulatory approval or reim-
bursement. These shortcomings of GT trials were summarized in a 
2019 publication on voretigene neparvovec-rzyl, where the author 
concluded that additional review of the clinical studies revealed 
that the drug might not restore normal vision, vision improvement 
might not persist long-term, and patients experience vision loss.88 
Additionally, convincing the payers to provide reimbursement is 
also of strategic importance because that facilitates access to these 
expensive one-time therapies to the patients in need.89

Thus, it is imperative that developers of GT products have pro-
active interactions with regulatory agencies and HTA agencies to 
develop RWE strategies to satisfy both full approval and reimburse-
ment needs. Such proactive efforts are critical for postapproval suc-
cess of the product. Failing to do so can lead to commercial failure 
of the product, as was exemplified by Glybera (alipogene tipar-
vovec), which had to be withdrawn from the market after 2 years 
due to the costs of postmarketing requirements and extremely 
limited use.90 MIDD in combination with RWD has the potential 
to revolutionize development of GT products for rare diseases by 
enhancing understanding of disease pathophysiology and guiding 
efficient clinical trial design. Indeed, several model-based and sta-
tistical methodologies have been developed and proposed for anal-
ysis of RWD47 for understanding disease progression, prediction 
of treatment effect, clinical trial design, external control synthesis, 
and evidence generation for long-term treatment effects.

FUTURE DIRECTIONS AND CLOSING REMARKS
In recent years, the crucial role of MIDD in development of novel 
therapeutics such as siRNA30 and cell therapy91 has come to the 

forefront. Model-based approaches are poised to become the cor-
nerstone of drug development in rare diseases, and specifically in 
GT due to the practical and ethical challenges in development 
of GT products for rare diseases, where large, randomized, con-
trolled clinical trials and generation of full clinical pharmacology 
packages are often not feasible. Hence, MIDD approaches lever-
aging all available information provides an ideal data ecosystem 
to support dose selection/optimization and assess risk/benefit 
profile (Figure 3).

Although GT has the potential to treat or even cure rare genetic 
diseases, unexpected cellular and/or humoral immune response to 
the vector and/or transgene can constitute significant hurdles in 
clinical development of AAV based GT.92 Modeling approaches, 
such as QSP, to predict innate and/or adaptive immune response 
to GT and any resultant tissue damage will be of tremendous value 
in a priori assessment of risk/benefit. Currently available models93 
could be a good starting point, however, given the complex mech-
anism of action of AAV-based GT and lack of thorough under-
standing of its pharmacology, it is of paramount importance that 
the knowledge gaps and assumptions in modeling GTs are clearly 
understood and explained. Even after significant advances in the 
field, there are several gaps in knowledge that limit the develop-
ment of models, especially mechanistic approaches such as QSP 
and PBPK: (i) vector uptake and trafficking, (ii) development of 
immunogenicity, (iii) measuring gene expression in animals and 
humans, and (iv) effect of empty vectors and batch-to-batch vari-
ability in manufacture. The learn-and-confirm approach to contin-
uously develop and improve the models based on emerging data is 
needed.

A recently published landscape analysis from the FDA,94 shows 
a significant increase in use of artificial intelligence (AI) and ML 
in regulatory submissions in 2021 (132 AI/ML components) as 
compared with 14, 7, 3, 1, and 1 in 2020, 2019, 2018, 2017, and 
2016, respectively. Specifically in GT, AI and ML approaches can 
facilitate—(i) accurate identification of the target gene to increase 
probability of therapeutic success and reduce off-target effects, 
(ii) exploration of vast design space for optimizing the design of 
transgene and vector, and finally (iii) designing of clinical studies 
by identifying the right patient population, optimal PK and PD 
sampling, and predicting therapeutic and adverse event profiles. 
However, several challenges need to be overcome to fully realize 
the value of these approaches, such as adequate training and valida-
tion of AI and ML systems using independent datasets, due to lim-
ited publicly available experimental data, and adoption of Good 
Machine Learning Practice in drug development.95

In this paper, challenges and complexities in conducting GT 
trials have been highlighted. These scientific issues are com-
pounded by ethical considerations, such as fairness in patient 
selection, and appropriate patient education to understand the 
potential risks (and benefits) of GT. We have discussed sev-
eral strategies to implement MIDD in conjunction with other 
approaches and sources of data to improve GT clinical trials. 
The use of validated surrogate end points is key in utilizing 
MIDD in rare diseases drug development. One such example is 
the multi-luminance mobility test (MLMT) in inherited reti-
nal diseases,62 which has been used for approval of voretigene 
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neparvovec-rzyl.96 The application of modeling approaches by 
incorporating end points like MLMT to support dose selection 
should be considered. Quantitative approaches to model NH 
data from prospective multicenter trials or from published case 
reports is crucial to increase confidence in these data, as such 
data could have been generated in a very small number of pa-
tients or without harmonized protocol. Garbade et al.,97 showed 
the utility of several statistical methodologies of modeling NH 
data in seven ultra-rare neurogenetic diseases. Similarly, the use 
of a quantitative biomarker-based approach to track NH and ap-
plication in trial enrichment was demonstrated in patients with 
rare autosomal dominant polycystic kidney disease (ADPKD).98 
Perrone et al.98 developed a statistical model to link longitudinal 
total kidney volume (an imaging biomarker), age and estimated 
glomerular filtration rate (eGFR) to the probability of a 30% 
decline of eGFR or end-stage renal disease and ultimately lever-
aged the model for trial enrichment in patients with ADPKD. 
Such approaches should be adopted for AAV-GT trials to im-
prove confidence in NH data. Modeling of maximum or min-
imum treatment effects of GT, using the concepts of extreme 
value theory,65 to predict rare safety events, such as vision loss, 
could provide more context and confidence around long-term 
clinical effects. An additional approach to streamline GT devel-
opment, especially in rare diseases is to conduct platform trials 

using a durable master protocol.99 Although significant strides 
have been made to make platform trials a reality or coronavirus 
disease 2019 (COVID-19) drugs and vaccines,100 legal and reg-
ulatory hurdles must be overcome to make them a reality in GT.

In closing, although GT products have profound transformative 
potential after a single dose, they also carry unique and complex risks. 
Thus, a combination of MIDD approaches and innovative clinical trial 
design is required to provide greater insights into the safety and efficacy 
of GT products, ultimately benefiting the patients.
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Figure 3  The model-informed drug development ecosystem for development of adeno-associated virus vector-based gene therapy, enabled 
using novel clinical strategies.
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